Adult somatic stem cells possess extensive self-renewal capacity, as their primary role is to replenish aged and functionally impaired tissues. We have previously shown that the stem cell pool in short-lived DBA/2 (D2) mice is reduced during aging, in contrast to long-lived C57BL/6 (B6) mice. This suggests the existence of a genetically determined mitotic clock operating in stem cells, which possibly limits organismal aging. In the study reported here, unfractionated bone 
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Chapter 4
Impaired hematopoietic stem cell functioning after serial transplantation and during normal aging 
Introduction
Hematopoietic stem cells (HSCs) sustain lifelong production of mature blood cells. In fact, it has been documented that HSCs can even outlive their original donor upon repeated serial transplantation in lethally irradiated recipients 1 , the most widely used model to study the process of HSC exhaustion. However, multiple studies have shown that serial transplantation is limited, suggesting stem cell exhaustion [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . It has been documented that serial transplantation results in a permanent loss of self-renewal capacity, which is cell dose dependent [10] [11] [12] . Also, functional decline increases with repeated serial transfers 2, 3, 6, 8, 13, 14 . In a competitive repopulation assay, serially transplanted stem cells showed impaired self-renewal, already after the first transplantation 8, 15 .
HSCs showed limited self-renewal when either purified HSCs 15 or unfractionated bone marrow cells were used 8, 9 . Most of these studies have suggested that the limit to serial transplantation is caused by exhaustion of stem cells, but this has been challenged by more recent experiments in which it was argued that the engraftment defect results from an increasingly smaller number of stem cells transplanted (i.e., in vivo dilution of stem cells) 10 . In addition, it has been proposed that artifacts of the serial transplantation procedure, such as residual injury caused by removal of the HSCs from their natural environment 8, 9 , might cause the decline in self-renewal capacity. This hypothesis was challenged by experiments in which animals, except for one hind limb, were repeatedly irradiated.
Due to repeated stress caused by repopulation of irradiated marrow spaces, self-renewal capacity of the shielded bone marrow remained depressed and did not recover with time 16 . However, it is possible that, in conjunction with repeated proliferative stress in these shielding studies, forced cell migration and potential loss of stem cell niches contributed to decreased stem cell functioning.
In the study reported here, we assessed whether an intrinsic, genetic program exists that leads to stem cell exhaustion in serial transplantation models. To this end, we estimated the maximal number of cobblestone area-forming cell (CAFC) d35 population doublings in two genetically distinct mouse strains, C57BL/6 (B6) and DBA/2 (D2) mice, which differ with respect to numerous HSC traits [17] [18] [19] [20] . During normal aging the number of stem cells and their repopulating ability after transplant decreased in D2 mice, whereas these parameters increased in B6 mice 17, 19, [21] [22] [23] [24] [25] [26] [27] . Intriguingly, D2
mice have a shorter life span than B6 animals have 28 . The presence of a mitotic clock operating in proliferating cells and potentially limiting the lifespan of cells in culture has been a topic of much debate ever since it was first postulated by Hayflick 29, 30 . This applies, in particular, to the relevance of such a putative clock in limiting organismal lifespan. Since adult somatic stem cells have a key role in replenishing tissues, it is interesting to speculate that conservation of stem cell functioning during normal aging extends lifespan.
In the present study we used two distinct transplantation models, unfractionated bone marrow 
Materials and methods
Animals
Serial transplantations were carried out using C57BL/6OlaHsD (B6) and DBA/2OlaHsD (D2) female recipients and male donors. Animals were purchased from Harlan (Horst, The Netherlands) and were used at an age of 6-8 weeks. The initial transplantations were carried out using male donors and female recipients. Although a mild immune response potentially can be elicited against the H-Y antigen 31 , this is not observed in severely conditioned recipients (we used 9.5 Gy total body irradiation). Enhanced green fluorescent protein (eGFP) transgenic C57BL/6 mice 32,33 were originally purchased from the Jackson Laboratory (Bar Harbor, ME), and were further bred under specific pathogen-free conditions in the Central Animal Facility of the University of Groningen.
Serial transplantations
Bone marrow cells were isolated from both femora. Single-cell suspensions were obtained by flushing each femur three times, and the total number of nucleated cells was assessed using a 
CAFC assay
In vitro limiting dilution type long-term BM cultures were used to assess clonogenic activity in unfractionated and purified cell fractions. To this end, the CAFC assay was performed, as described previously 17, 34 .Whereas committed progenitors form colonies 7-14 days after culture initiation, the most primitive hematopoietic cell subsets appear late (i.e., after 35 days) in culture 35 .
Determination of donor cell contribution after serial transplant
To verify donor-derived hematopoiesis, the presence of the Y-chromosome in individual progenitor cell colonies was assessed at various time points. To this end, methylcellulose colony-forming unit granulocyte-macrophage (CFU-GM) cultures were initiated. After 7 days of culture DNA was isolated from individual colonies, as described previously 19 . 
Competitive repopulating assay
To determine in vivo reconstituting potential, peripheral white blood cell numbers were counted using a Coulter Counter (Coulter Electronics), and, after serial transplantation was performed, hematocrits were obtained.
Competitive repopulating assays were carried out in two distinct settings. First, 4 × 10 6 B6 BM cells that had been serially transplanted five times were mixed with an equal number of BM cells that were freshly isolated from young eGFP + transgenic B6 donors 32, 33 , and both cell populations were co-transplanted in lethally irradiated B6 recipients. At various timepoints after transplant the levels of eGFP + leukocytes in the peripheral blood was quantified using fluorescence-activated cell sorter (FACS) (FACSCalibur, Becton Dickinson, Palo Alto, CA). Second, to address the issue whether the engraftment defect of serially transplanted BM was due to a homing defect, lethally irradiated B6 recipients were reconstituted with 5× serially transplanted BM cells alone, and after 3 months the freshly isolated BM cells from young eGFP + B6 donors were infused, without additional conditioning.
Bone marrow transplantations in nonirradiated young and aged recipients
Four to five million unfractionated BM cells isolated from 6-to 8-week-old female eGFP + donors were infused intravenously in nonirradiated, normal, healthy, young (<6 months old) or aged (>16 months old) wild-type B6 recipients. Transplantations were repeated every 2 months. Prior to each transplant, the presence of eGFP + leukocytes in the peripheral blood was assessed by flowcytometry.
Survival of old, transplanted recipients was compared with a cohort of aged-matched nontransplanted animals, housed under the same conditions.
Quantification of expansion and the number of stem cell population doublings
The total number of CAFC d35 present in the whole animal at the moment of sacrifice was calculated from the number of CAFC d35 present in one femur, assuming that one femur represents 6% of the total marrow 36, 37 . The fold expansion of the CAFC d35 was calculated by assessing the total number of CAFC d35 present per animal and dividing this number by the number of infused CAFC d35 
Statistical analysis
During serial transplantation, BM cells of recipients were pooled and CAFC cultures were initiated. The entire set of serial transplantations using purified HSCs was repeated twice. Values of the two independent experiments of LSK transplants were averaged and the SEM was calculated. KaplanMeier survival analysis was done of aged mice that received repetitive eGFP + transplantations and of the non-treated controls. Differences in survival were tested for significance using a logrank test. Statistical analysis was performed using SPSS statistical package. Student's t-test was used to assess significant differences in expansion of D2 and B6 unfractionated BM cell and LSK transplantations.
Results
Survival after serial transplantation
Purified HSCs failed to sustain long-term survival of lethally irradiated recipients after four transplantations ( 
Evaluation of donor contribution
When purified HSCs are serially transplanted in B6 mice, it has been shown that donor-derived stem cells are abruptly lost after the 4th transplantation 39 . Although in our current study, we did not directly quantify donor stem cell chimerism in animals transplanted with purified cells, severe loss of stem cell quality after four transplantations was also evident, suggesting stem cell exhaustion (Table 4 .1). Such a gradual loss of donor-derived stem cells and recurrence of recipient hematopoiesis after serial transplantations, as we report here, has been observed in previous studies in which unfractionated BM cells were used 10 .
As no substantial part of the hematopoietic system was derived from the original male donor after the sixth transplantation, the ones using unfractionated BM were ended after the fifth transplant.
Stem cell numbers after serial transplantations
When 1,500 purified HSCs were transplanted, a continuous decrease of CAFC d35 frequencies in D2 mice was observed (Figure 4.2A) . In contrast, frequencies in B6 mice increased at first, and only after three transplantations was a severe decline noted. Using unfractionated BM, CAFC d35 frequencies decreased in B6 mice, but again, more dramatically in D2 animals after the first three transplantations (Figure 4.2B) . Hereafter, the frequency continued to decline for D2, but stabilized in B6 mice. The decline of CAFC d35 frequency in combination with lack of donor contribution clearly indicates functional exhaustion of stem cells.
In conjunction with a decline in cobblestone area-forming ability, a gradual decrease of the This suggests severe functional impairment of these serially transplanted HSCs. In D2 mice, the clonogenic activity returned to normal levels after a small decline after the first and second transplant.
Competitive in vivo assays
Although it has been well documented that during normal, unperturbed hematopoiesis there is a strong overlap between LSK FACS phenotype, in vitro functional CAFC activity, and in vivo long-term repopulating ability, this correlation is not always evident in specific experimental conditions in which the system is perturbed, such as serial transplantations 100
Calculating stem cell expansion
One of the aims of this study was to estimate the total number of population doublings of HSCs.
Clearly, such calculations require assumptions, and are affected by choice of the assay. It has been shown previously (and this was confirmed in the present study, Figure The number of CAFC d35 self-renewing population doublings was estimated after three (a timepoint when stem cells were >95% donor-derived) and five transplants (Figure 4 .5).
Remarkably, the same maximum number of population doublings was reached when either highly purified HSCs or unfractionated BM was used for serial transplantation. However, the maximum number of population doublings for B6 to be approximately 30, D2 stem cells could undergo only approximately 20 population doublings. The strain differences were already apparent after three serial transplants of unfractionated BM cells. Highly purified HSCs Unfractionated BM 
Stem cell functioning during normal aging
Most, if not all, HSC aging studies have tested the effect of replicative history on HSCs in transplantation assays, which require irradiation of the recipient. In fact, it has been suggested previously that an important part of the defect of serially transplanted HSCs is a direct result of the transplant procedure as such 9 . To determine whether a stem cell defect could also be observed during normal aging, we transplanted freshly isolated eGFP + young BM cells, harvested from 2-month-old donors into normal, unconditioned young (<6 months) and old (>16 months) recipients.
As expected, this strategy did not result in detectable levels of engraftment in the peripheral blood in nonconditioned young recipients. In contrast, however, eGFP + donor-derived leukocytes were readily detectable, albeit at low levels, in the majority of the old recipients ( When we compared survival statistics of mice that received 4 × 10 6 eGFP+ young BM cells every 2 months after they had reached 16 months of age with a cohort of non-transplanted control animals, there was a tendency for the transplanted group to live longer, but extension of lifespan did not reach statistical significance (Figure 4 .6C, p = .108).
Discussion
In this study we assessed whether there is a limit to the number of population doublings that HSCs can undergo. To this end, serial transplantations were performed using either unfractionated BM cells or highly purified HSCs. We observed exhaustion of stem cells, decreased stem cell clonogenic activity, reduced competitive repopulating activity, and impaired peripheral blood cell recovery, ultimately leading to decreased survival of recipients. We estimate that B6 stem cells (CAFC d35) are able to undergo 30 population doublings, whereas D2 cells are exhausted after 20 population doublings. This ultimately results in a 1,000-fold difference in expansion potential. Our results show that the maximal number of stem cell self-renewal divisions is finite and genetically determined.
Clearly, these values are an approximate estimate of stem cell self-renewal capacity. First, we have shown that recipient cells contribute to hematopoiesis in the final serial transplantations, which interferes with our calculation. Second, our estimate is assay-dependent and holds true when CAFC d35 are used as endpoints. This is illustrated by lack of engraftment in competitive assay while CAFC d35 activity was still observed. Finally, our estimate only applies to the entire population of cells, and we cannot rule out that individual, single HSCs can exceed this threshold.
Importantly, the first two arguments imply that our calculations are an overestimate of the true self-renewal potential of the HSC population. It is unlikely that these limits of the amplification potential are reached during normal aging. To put this into perspective, in a study where B6 stem cells were labeled in vivo by BrdU, it has been shown that it takes ~2 months before >99% of all
HSCs have undergone a cell division 40 . This would suggest that during their entire lifespan (mean lifespan ~28 months) HSCs undergo ~14 divisions.
Nonetheless, our data clearly reveal that young BM cells provide multilineage engraftment in aged (>16 months) recipients, as well as in recipients of five time serially transplanted BM cells.
As this was not observed in young recipients, we believe that these engraftment levels indicate a functional defect of endogenous stem cells in old mice and in serially transplanted BM cells.
However, this stem cell defect is very mild in aged recipients, and, consequently, the levels of engraftment are modest. Therefore, we were not surprised that repeated cell transfer did not extend lifespan, although the trend that we observed is intriguing. Much larger groups of mice will be needed to rigorously test the lifespan-extending potential of HSC transplantations. In addition, B6 mice may not be the most optimal model to test this, as these mice are relatively age-resistant. Interestingly, it has recently been shown that caloric restriction, currently the only effective way to extend lifespan in rodents, preserves stem cell function in old BALB/c mice 41 .
A number of potential explanations for stem cell exhaustion may be coined, among which the hypothesis of telomere loss during cell division is the most frequently supported one. Decreased telomere length of stem cell chromosomes after each transplant is a potential mechanism that could limit the maximum number of self-renewal divisions. It has been postulated that loss of telomeric DNA with age might function as a mitotic clock during normal aging 42, 43 as well as during serial transplantation of HSCs 44 . In addition, an association has been made between the self-renewal potential of HSCs and telomerase activity 45 . Importantly, stem cells isolated from telomerase (mTERT)-deficient mice can only be serially transplanted twice. This is accompanied by a rapid decline in telomere shortening in HSCs and reduction of long-term repopulating capacity 39, 46 . However, although HSCs overexpressing mTERT showed maintenance of telomere length after serial transplantation, no extended replicative capacity was observed compared to wild-type mice 47 . Recently, it has been suggested that telomere length as such is less important for the process of aging than specific molecular alterations in telomere structure during aging 48, 49 .
The role of telomere shortening and telomerase activity in HSCs of mice is further obscured as mice have longer telomeres than humans 50 . With respect to our current results, it is unlikely that telomere erosion contributes to the reduced self-renewal ability of D2 HSCs as D2 animals have longer telomeres than B6 mice have 51 .
Another process that might affect in vivo stem cell self-renewal is proliferative activity of hematopoietic cells, which is consistent with a previously suggested model that proliferation leads to loss of stem cell quality 52 . The higher cycling activity of D2 progenitor cells might lead to more rapid exhaustion of D2 HSCs 17 . However, although D2 CAFC d35 made fewer self-renewing population doublings, we did not observe faster exhaustion of these cells, so other mechanisms are involved as well. Theoretically, HSCs have the option to either differentiate, self-renew, or die. During steady-state hematopoiesis the self-renewal probability is .5. We speculate that D2
HSCs, during serial transplantation, have a preference to differentiate rather than to self-renew.
This would explain that, although there is a lower expansion per transplant and a lower number of maximal population doublings, the white blood cells and hematocrit in D2 mice are stable for a sustained period of time. Therefore, a reduced self-renewal probability (p < .5) to sustain blood cell counts would result in lower expansion. In agreement, it has been shown that peripheral blood cell counts are a poor indicator of marrow stem cell reserve 11, 53 . A decreased preference of D2 HSCs to self-renew would also explain the gradual decrease of stem cells in D2 mice during normal aging, whereas stem cell numbers increase in B6 mice 22, 23, 54 . Moreover, it provides a plausible explanation for the skewing of D2 and B6 leukocyte contribution in D2-B6 chimeras in favor of B6 stem cells 19, 24 .
In conclusion, our data clearly establish that maximum self-renewal capacity of HSCs is genetically controlled. The genetic balance between differentiation and stem cell self-renewal may affect stem cell aging, and may possibly affect organismal lifespan.
